Fourteen explanted Dynesys ® spinal devices were analyzed for biostability and compared with a reference, never implanted, control. Both poly(carbonate-urethane) (PCU) spacers and polyethylene-terephthalate ( Although the observed physical and chemical damage can be considered superficial, greater attention must be paid to the chemical degradation mechanisms of PCU and to the effect of byproducts on the body.
Introduction
Segmented polyurethane elastomers have been used in several biomedical applications in recent decades, thanks to the combination of excellent biocompatibility and mechanical properties. Polyurethane (PU) elastomers are block copolymers based on polyurethane as hard segment and on polyols as soft segment. The term 'polyols' in general identifies aliphatic macrodiols with ester, ether or carbonate groups in the main chain [1] . The first generation of PU biomaterials, represented by polyester urethanes, easily underwent hydrolysis, being then unsuitable for long term implantation [2, 3] . Hydrolysis of the ester linkage produces acid groups which increase the acidity surrounding the degrading polyurethane and may autocatalyze the degradation. The second generation, polyether urethanes, showed a higher stability to hydrolytic degradation, but a susceptibility for oxidative degradation [4] . Polycarbonate urethanes (PCUs) were identified as substitutes for the first and second-generation polyurethanes and were introduced in the 1990s as a third generation of thermoplastic elastomers for biomedical applications [2] . PCUs showed a higher biostability and superior performance, in respect to the other generation of polyurethanes [5] [6] [7] , thanks to the presence of the carbonate group in the main chain of the soft segment.
PUs are characterized by a two-phase morphology. The hard and soft segments of the polyurethane copolymer are immiscible and undergo segregation. Consequently, the morphology of PUs is characterized by an amorphous matrix containing both disorganized hard and soft segments, as well as hard micro-domains dispersed in the matrix [8] . These hard micro-domains consist of hard segments organized in a three dimensional network of hydrogen bonding and act as physical crosslinks. The microphase separation is responsible for unique physical properties of PCUs that allow a broad range of applications [9 ] .
Previous in vitro studies have demonstrated that the morphology of PCU is influenced by the experimental conditioning that induces a morphological reorganization [10] [11] [12] . Moreover, in vitro studies showed that both composition and morphology have a role in the biostability and biocompatibility as well as an effect on biodegradation [13] [14] [15] . In particular, the extent of phase separation has an influence on the cell attachment and proliferation [16, 17] . Previous studies on PCU have also indicated a higher resistance to hydrolysis, environmental stress cracking (ESC), metal ion oxidation (MIO) and calcification, with respect to polyether urethanes [18] . Even if evidence of chemical and physical degradation was observed during in vitro and in vivo studies [10, [19] [20] [21] , segmented polyurethanes based on polycarbonate are more stable toward oxidative degradation than polyurethane with a polyether soft segment [5, 20] .
The chemical degradation of both polyether and polycarbonate urethanes was referred to as oxidative degradation, and it was related to chain scission and/or crosslinking of the copolymer [22] , mostly involving the soft segment. Enzymatic studies on PCU show that hydrolytic enzymatic degradation with cholesterol esterase, an enzyme over expressed in inflammatory system, is negligible [23] , but the cleavage of the urethane bond was observed [24, 25] and the formation of methylene dianiline was detected [26] .
Although PCUs have been widely studied in cardiovascular applications [7, 21] relatively few studies have examined the response of PCU to human implantation under load-bearing applications, such as orthopedic and spinal implants, which makes these observations of particular interest to the in vivodegradation field. Simulator studies and retrieval observations performed on PCU show a lower wear rate, a lower particle generation rate and a larger sizes for particles, compared with the other polymeric and metal systems, indicating a promising wear performance and a low osteolytic potential [27, 28] .
Dynesys
® Dynamic Stabilization System is a multi-component device developed for treatment of the lumbar spine pain, manufactured by Zimmer Spine [29] . Dynesys is used internationally mainly for nonfusion treatment of the lumbar spine [30] . In the United States, Dynesys has been cleared by the FDA for lumbar fusion, but is currently not approved for spinal stabilization without fusion. The Dynesys ® System is composed of pedicle screws, PCU spacers and a cord. The screws are made of a titanium alloy (Ti-6Al-7Nb) and anchor the system to the spine through the pedicles. The polyethylene-terephthalate (PET) cord connects the screws and limits spinal flexion. The hollow spacer, molded from polycarbonate urethane (PCU), surrounds the cord between the screws and limits spinal extension.
The biostability evaluation of polyesters has shown excellent properties and resistance to microbial attack for the aromatic polyester, especially for PET [31] . Biodegradation of PET fibers to a small extent was detected on the terminal ester, but it was found to be more prominent above the glass transition temperature (about 70°C) [32, 33] , thus far from implantation condition.
Previous researches on the Dynesys ® System analyzed the biostability of the explanted components: PCU spacer and PET cord. In one study [34] , changes in the distribution of molecular mass and in the chemistry composition of the block copolymer were not observed, then absence of biodegradation was assumed. In another study [35] , the explanted devices showed permanent deformation, wear and surface damage.
Chemical changes were also observed and associated to a general indication of biodegradation .
In the present work, some of the samples collected in the latter study [35] , were further analyzed in detail in order to better elucidate the physical and chemical changes on both PCU spacer and PET cord. In particular, in this paper, the chemical changes observed on the devices surface using ATR-FTIR were specifically correlated to in vivo exposure. Additional considerations are made about composition and morphology of the devices, matching up the bulk and surface features. Moreover, the identification of the products extractable from the implanted devices is a necessary starting point in the study of body/devices interactions.
Materials and Methods

Materials.
Fourteen explanted Dynesys ® devices and one exemplar (not implanted) were tested. A schematic drawing of the overall Dynesys ® device is showed in Figure 1A . The PCU spacer is based on a soft polycarbonate segment and on an aromatic polyurethane hard segment (Bionate ® 55D, DSM-PTG [36]).
Previous literature studies reported an average Mw around 150,000-200,000 g/mol for this material [34] . The Dynesys ® spacer has a thickness of 3,6 mm and an external diameter of 12 mm. It has a circular track at 2,5 mm from the upper end. The spacer length depends on the site of implant in the spine (see [29] for a more accurate scheme of the whole system). Before the implantation the spacer is cut, then located and locked with the other components of the system. Due to this procedure, each spacer is characterized by two different ends, one of which is cut and the other, which is molded. The spacer lengths of the analyzed prostheses range from 5 mm to 21 mm.
The PET cord of the Dynesys ® system is a network of microfibers of 25 µm diameter. The length of the cord depends on the number of consecutive spacer and the diameter is 4 mm. The average Mw of the PET fibers in a similar system was reported to be around 75,000 g/mol [34] .
The implantation time of the Dynesys ® devices ranged from 0.7 to 6.5 years of implantation. More details for each specimen, along with a short description of macroscopic observations, are reported in Table 1 .
Reasons for revision were not related to failure or rupture of the PCU or PET components. For most cases, the primary diagnosis was disc degeneration and the revision reasons were persistent back and/or leg pain and screw loosening [35] .
Sample preparation.
Explanted spacers and cords were cleaned with an antimicrobial hand-wash and demineralized water, in order to remove a broader spectrum of microorganisms.
After cleaning, each PCU spacer was cut in half and the two sections were stored in the dark at room temperature. One section was used to perform bulk and surface analyses: circular punches, on which the measurements were performed, were cut from the device as shown in the simplified scheme reported in Figure 1B .
The manipulation during surgery, cut or partial alteration of the cord, reduces the possibility to distinguish the effects of implantation from the surgeon action. Nevertheless the PET cord was cut and analyzed, considering both internal and external fibers, with particular attention to the most altered segments.
Physical and chemical characterization.
The retrieved Dynesys ® Systems, spacers and cords, were examined macroscopically and microscopically. A microscope with an integrated digital camera (Leica EZ4D) was used to examine the sample and to take magnifications of the surface. The surface was observed by scanning electron microscopy (SEM; Leica Stereoscan 410, Oxford Instrument) on gold-coated samples. When necessary, SEM instrument equipped with an EDS microprobe (energy dispersion spectroscopy; Oxford Link ISIS) was also used to investigate the chemical composition.
ATR-FTIR spectroscopy has been used to study the surfaces of the devices and to investigate the chemical changes occurred during implantation. ATR-FTIR spectra of the device surfaces were recorded on FT-IR spectrometer (Perkin-Elmer, Spectrum 100) in the attenuated total reflectance (ATR) mode with a diamond crystal, using 16 scans per spectrum and a resolution of 4 cm -1 . At least five spectra were recorded on different zones of each device. The infrared spectra were collected on the inner and on the outer surface of the prostheses, as well on the molded and on the cut end of the devices. Regions with macroscopic alteration of the surface were preferably analyzed.
In order to evaluate the presence of adsorbed species, the punches of the prosthetic samples and part of the cords were extracted with cyclohexane (at 60°C for 24h). After the extraction, the prosthetic samples were dried off and ATR-FTIR spectra of the surface were collected. The extracted solutions were concentrated and injected in the gas chromatography-mass spectrometry system (6890N Network GC System coupled to a 5973 Network MASS Selective Detector; Agilent Technologies, USA), equipped with a methyl-phenylpolysiloxane cross-linked 5% phenyl methyl silicone capillary column (30 m, 250 µm i.d., 0,25 µm film thickness). The temperature of the inlet was kept at 280°C. The carrier gas was helium (1 ml/min) and spit ratio was 1/40 of the total flow. The temperature program was: 70°C for 1 minute, then a ramp with a heating rate 10°C/min to 320°C and held for 10 minutes. Mass spectra were recorded after 2,50 minutes of solvent delay, under electron impact at 70 eV and using the scan range 11-500 m/z. NBS75K and Wiley138 libraries were used to identify products with a score of more than 95%.
In order to evaluate the bulk morphology of the spacers, differential scanning calorimetry (DSC Q200, TA Inc.) was used to detect characteristic thermal transitions and to investigate the degree of micro-phase separation in the samples [37, 38] . The Shore Hardness Test was used to assess the hardness of PCU spacer, the durometer was utilized with a specific indenter shapes and spring loads for Shore D scale.
Results and Discussion
Macroscopic observation.
6/14 explanted devices exhibited a permanent deformation of the cylindrical spacer (see Table 1 ). In three cases (Dyn 3, Dyn 13 and Dyn 15), the cylinder is characterized by bending ranging from 8 to 12 degrees.
Besides, the circular track of four spacers (Dyn 2, Dyn 9, Dyn 15 and Dyn 19) results compressed on one side, but the overall shape of the spacers remained undeformed, with the exception of Dyn 15. These two behaviors indicate an incomplete recovery (creep) of the original shape after a continuous mechanical loading. Permanent deformation was not significantly correlated with spacer length and with implantation time. Information on the patients such as body weight and activity level were not known. However, it was noted that almost all the deformed spacers (5/6) were observed on devices implanted in male patients.
Both the exemplar and all the retrieved spacer components exhibited a slight yellowing with respect to the uncolored virgin material. This discoloration, although common in polyurethane-based manufactures, clearly indicates a chemical modification induced during processing. It was previously shown [39] that the temperature needed to create a homogeneous melt is close to the temperature at which thermal degradation starts.
In most cases, the external surface of the devices was mainly smooth and glossy. In some cases, limited or extensive opaque areas were identified. In particular, one spacer (Dyn 20) demonstrated a diffuse opacification on one whole side, while another device (Dyn 10) showed an extended whitening diffused to all the spacer.
The PET cords also showed residual effects of the implantation. A diffuse yellowing of the implanted fibers is attributed to biologic residues, due to contact with body fluids.
Microscopic observation
At a microscope inspection, the spacers exhibited a variety of surface damages, summarized in Figure 2 , likely due to different causes. Commonly observed superficial damage include small cuts and scratches along the spacers, which were mostly attributed to the surgical removal, since the features of the scratches can be connected with scalpel marks; in one case a small crack, in another case a fracture were also observed on the molded end. A circular mark and superficial erosion at the end of the spacer were present in most spacers, an example is showed in Figure 2A . They were attributed to the imprint of the pedicle screw head.
The loss of glossy and smoothness can be attributed to impingement with bone, due to abrasive wear, or to a visible action of biodegradation on the surface. The most representative images of both these phenomena are reported in Figure 2B -C and Figure 2D respectively. Imprints on the inner wall of the devices, indicating plastic deformation due to the contact with the cord, were also frequently observed ( Figure 2E ). Also the cord is characterized by plastic deformation, in the segment where the screws anchor the device to the spine.
In this zone, the fibers are less yellowed and the braided network results compressed, as it is showed in Figure 2F .
After visual and optical microscope inspection, SEM images were taken from the most attractive zones and samples. The most interesting observations are reported in Figure 3 . The undegraded surfaces of the retrievals, as that of the exemplar, show a smooth surface ( Figure 3A ).
The zones of the surface that appeared opaque at the optical microscope, exhibit various form of alterations when inspected with SEM. The surfaces characterized by an evident eroded and opaque region, as visible in Figure 2B -C, show a typical abrasive wear pattern ( Figure 3B ), characterized by a rubber like behavior. One of the most interesting sample (Dyn 10) showed a surface that looks inhomogeneous at unaided-eyes, with an alternation of lighter and darker areas at the optical microscope. The lighter and darker zones look, in the SEM images, reported in Figure 3C (left), like a succession of smooth surface and attached micro-aggregates. Branched fissures were also observed on this devices, as it is showed in Figure 3C (right), more emphasized near the micro-aggregates. Branched fissures can be attributed to environmental stress cracking (ESC), a result of residual polymer surface stress, which may be introduced during fabrication of the device and not sufficiently reduced by annealing. The contact with human fluids may speed up this phenomenon, because of the absorption/desorption of species [40] .
In 2/5 observed samples, aligned fissures or microscopic surface cracks were detected ( Figure 3D ). The opaque side of Dyn20 was characterized by aligned fissures extended to a large area of the surface. On restricted zones, erosion and presence of micro-aggregates were observed in addition to the fissures. These results indicate that the devices were subjected to a degradation phenomenon involving crack formation and propagation, due to the ESC on PCU. Being aligned perpendicularly to the applied load, the fissures may be attributed to fatigue stress [41] . No correlation was found between aligned fissures and shape deformation.
Further, the appearance of these microscopic cracks did not show any correlation with the sample height and with the implantation time.
To investigate how deep these surface alterations propagate, Exemplar and Dyn 10 devices were observed in section and their comparison is shown in Figure 3E . The edge of the Exemplar (left) is completely smooth, while the edge of Dyn 10 (right) is jagged, due to the cracks. This alteration involves no more than the first 10 µm of the surface, suggesting no influence on the mechanical properties of the entire device.
Some explanted spacers were characterized by occasional adherent surface deposits that had resisted the washing procedure, on both the external and internal surfaces of the device. The adherent surface deposits were analyzed by EDS and the most representative results are showed in Figure 4 . They are in some cases calcifications (4A), due to the deposition of calcium-containing species [42] ; in most cases, where no metal signals were detected, the surface deposits were attributed to organic depositions, such as biological species.
The extended micro-aggregates present on the surface of Dyn10 and described previously were organic in composition. In one case, a piece of broken screw was also revealed (4B) on the inner surface of the spacer.
Micro-aggregates, characterized by a organic composition, were observed also on the fibers of the PET cord, mainly on the external fibers, directly exposed to the body fluids, as it can be seen in Figure 3F . Table 2 reports the frequencies and relative assignments of the main FTIR signals of PCU [7, 9] , while the ATR-FTIR spectrum of the reference, unimplanted sample is shown in Figure 5 (Exemplar).
Surface chemical characterization
PCUs are characterized by two different carbonyl groups, from the carbonate and urethane segments respectively, that result in closed signals centered at 1738-1700 cm -1 , at 1246-1219 cm -1 and at 790-770 cm -1 in the infrared spectra. Both groups may be involved in hydrogen bonds, resulting into a total of five different carbonyl FTIR vibrations in the range 1738-1700 cm -1 . In the ATR-FTIR spectrum, multiple signals, resulting from the overlapping of the mentioned absorptions, can be detected: a signal at 1700 cm -1 has been attributed to strongly hydrogen-bonded carbonyls of the urethane group in the ordered hard domains; a multiple shoulder at 1722 cm -1 to hydrogen-bonded carbonyls of both carbonate and urethane groups in the amorphous phase, while the broad signal centered at 1737 cm -1 has been assigned to free (not involved in hydrogen bonding) carbonyls of the carbonate and urethane groups [39, 43, 44] .
The relative intensity of these signals can be correlated to the composition of the polyurethanes as well as to the micro-phase separation and this feature has been often used to gain information on the phase morphology of segmented PUs [45, 46] . Nevertheless, in analyzing the ATR-FTIR spectra of the retrievals, we were unable to separate the effects of different phase morphology in the pristine copolymer from that of chemical degradation occurred in vivo. Therefore, we mainly concentrated on changes attributable to degradation, leaving most considerations on differences in morphology to the DSC analyses of the bulk material.
However, it is worth mentioning that some differences were always detected in the carbonyl region between the spectra recorded on the molded or on the cut end of the same spacer. It is well known that the phase morphology of segmented PUs is highly sensitive to mechanical stresses [47] , therefore the observed differences were attributed to an incomplete recovery of the cut stresses induced at the implant.
Moreover, in 4/14 sample (Dyn 5, Dyn 9, Dyn 14 and Dyn 15), the relative intensities of the H-bonded carbonyl and free carbonyl signals are significantly different from that of the exemplar and of the majority of the samples. This suggest a different morphological organization and probably a different composition.
It is important to point out that the changes in the signals were variable among different zones of the same sample. Altered spectra were often obtained from visually altered areas.
The examination of all the retrieved spacers lead to the identification of three main patterns of alteration of the infrared spectrum. One example for each kind of alteration is shown in Figure 5 (the curves are labeled Type A, B, C).
The first kind of alteration (Type A) consists in the presence of two new signals at 2920 and 2850 cm -1 , attributed to C-H stretching of new alkyl species. To better understand the origin of these signals, punched samples were extracted in hot cyclohexane for 24h. The spectra of the extracted samples did not show the same signals. Since the absorption of body fluids components is commonly observed into retrieved prostheses [48] , these signals can be attributed to the presence of aliphatic long chain hydrocarbons, probably fatty acids, diffused into the device during in vivo time and extracted with the organic solvent. Nevertheless, being the absorption quite weak, and given the multiple manipulation steps occurred after retrieval, at this stage we cannot exclude that the presence of fatty acids might be related to accidental contamination.
Type A alteration was detected in all the device. In 7/14 spacer only this change was observed, while all the other IR signals were unchanged.
6/14 spacers exhibit an ATR-FTIR spectrum similar to that reported in Figure 5 (Type B). The appearance of two new absorption at 1175 and 930 cm -1 is related in the literature to the oxidative degradation of the PCU [22, 49] . The increase of the new signals is strictly connected to a change in the shape of the signal at 1600 cm -1 and to disappearance of the shoulder at 1614 cm -1 . For high levels of oxidation a new, low signal was detected at 1645 cm -1 . The change in the phenyl signal indicates a mechanism of oxidative degradation that involves the urethane segment.
In addition, in the most degraded samples, the absorption at 1736, 1248 and 790 cm -1 show a dramatic decrease, if compared to those at 1700, 1219 and 770 respectively. The decrease of all the signals related to the carbonyl groups of carbonate species suggests a decrease in the amount of carbonate segments, indicating also an involvement of carbonate species in the degradation mechanism.
A degradation mechanism involving chain scission in the carbonate segments was already hypothesized by an in vitro oxidation study performed on PCU [22] . In literature, the presence of the new signals at 1175 cm -1 was often attributed to the formation of crosslinks between the polyol segments during in vivo and in vitro oxidation [22, 49] . Nevertheless, other literature studies suggest that it may also involve the polyurethane segments and, in particular, the reactivity of groups closed to the aromatic structures [50] [51] [52] . The results obtained in this work confirm the involvement of both segments in the oxidative degradation mechanism.
The level of oxidative degradation was not significantly correlated to the implantation time of the device, suggesting a multifactorial oxidation path that must involve other parameters, besides the simple time of exposure to in vivo environment. One most evident factor is the environmental stress cracking (ESC), since oxidation was mainly detected in the abraded or cracked zone, indicating that mechanical load and wear have an influence on surface oxidation. However oxidized surfaces were detected also in zones that appeared homogeneous, suggesting a complex degradation process possibly started before implantation and accelerated by the in-vivo environment.
In order to verify if also the bulk material below the surface was affected by the observed degradation, cross-sections cut from the spacers were also analyzed. Series of micro ATR-FTIR spectra were collected on the sections, every 100 µm starting from the external surface towards the bulk. All the spectra recorded, even on the first 100 µm below the surface, showed no changes compared to control, indicating that significant chemical changes are confined to the surface.
2/14 samples and especially Dyn 10, which exhibited extended attached micro-aggregates in the SEM images, showed Type C alteration: two new, strong signals appeared at 3285 cm -1 and 1638 cm -1 . The comparison of both the micrographs and the spectra of the surface before and after extraction revealed that the species responsible for the new absorptions cannot be removed by cyclohexane extraction. We hypothesized that the new signals may be due to proteins and protein-like substances [53] , coming from body fluids and strongly adsorbed on the surface. In order to simulate the biological environment, a fragment of the exemplar sample was kept into bovine serum for three days. The comparison reported in Figure 6 between the spectrum of the retrieved spacer and that of the specimen soaked into bovine serum seems to confirm our hypothesis. The difficulty of completely removing all such adhering tissue without modifying the surface properties is a known problem. Traditional cleaning methods may cause the tissue to become tightly attached to the structure of the prosthesis, but a more aggressive cleaning treatments may affect the chemical, physical
and morphological properties of the prosthetic material [54] .
The FTIR absorption characteristic of PET are listed in Table 3 [55, 56] . In the ATR-FTIR spectra of our retrieved PET cords, very strong additional signals in the CH 2 stretching region, in particular at 2920 and 2850 cm -1 , are observed, as for the PCU spacers. Again, after cyclohexane extraction, these signals disappeared. The spectra recorded before and after extraction are compared in Figure 7 . In some cases additional signals at 1638 cm -1 and 3285 cm -1 were detected, referred also in this case to biological species adsorbed on the surface, probably proteins. This is an additional confirmation of the organic origin of the micro-aggregates observed in the SEM images reported in Figure 3F . No other changes in the infrared pattern were detected attributable to degradation, confirming the PET biostability.
Analyses of the extracts.
The GC-MS chromatograms of the solvent extracts obtained from the PCU spacer ( Figure 8A ) exhibit the presence of signals related to carbonate segments, though in a very low amount [57] .
The presence of these signals may have a double interpretation: it may be an excess of polyol coming from the synthesis or formed during molding, that is removed by the extraction procedure; or rather the hypothesized chain scission caused by in vivo degradation may be responsible for the formation of free, removable polyol. Detection of these signals in both oxidatively degraded and not degraded samples do not allow to exclude the first hypothesis.
The absence of any signal related to fatty acids and/or cholesterol derivatives indicates that the lipids absorption detected by ATR-FTIR is a minor and superficial phenomenon for the PCU spacers.
On the contrary, the GC-MS chromatogram of the extract of the PET cords ( Figure 8B ) exhibits the presence of long chain aliphatic carboxylic acid at low retention time and the presence of cholesterol and its derivative species at higher retention time. This is a confirmation of the presence of organic compounds, coming from body fluids and diffused into the fibers and/or trapped into the fibers network.
Bulk evaluation of the morphology and hardness measurements.
The microphase-separated morphology of PCUs depends on the fabrication and processing route as well as on the chemical formulation of the copolymer [8, 37, 39, 58] . Differential scanning calorimetry was used to investigate the morphology and the degree of micro-phase separation of the retrieved spacers. Since the chemical degradation mainly regards the surface of the device, while the DSC measurements were performed on massive specimens, we assumed that the observed changes are mainly imputable to differences in the copolymer composition and morphology and not to biodegradation.
The DSC characterization of polyurethanes generally show multiple thermal transitions, whose interpretation is still under debate [58] [59] [60] [61] . The DSC thermogram of the reference sample is shown in Figure   9 . Three thermal events are evident: a glass transition temperature (T g ) associated to the amorphous matrix and depending on the relative amount of hard and soft segments in the matrix [37, 39] and two endothermic signals (T I and T II ), that were attributed, respectively, to the disruption of the hard, pseudo-crystalline microdomains and to the microphase mixing, thus to the complete dissolution of the hard domains in the matrix to create an homogeneous phase [39, 59] .
No endo or exothermic signals are observed during cooling. At the second heating, the T g value is shifted towards higher temperatures, indicating a higher content of hard segments dissolved in the soft matrix, followed by an exothermic signal (T' II ), indicating a microphase-separation [38, 39, 61] .
The thermal transition temperatures resulting from the DSC measurements performed on the whole collection of Dynesys devices are summarized in Table 4 .
The devices are characterized by quite heterogeneous values of the glass transition temperature (T g ) at the first heating ramp (from -13 to +4°C). As mentioned above, the T g values depend on the relative amount of hard and soft segment in the soft matrix and the broad range of values observed in the first heating cycle might be simply attributed to different degree of microphase separation.
A particular behavior was registered for 3/14 devices (Dyn 5, Dyn 9 and Dyn 15), which also exhibited peculiar ATR-FTIR spectra. For this samples the exothermic signal T' II related to the microphase separation was detected in the cooling ramp: part of the hard segments segregate from the homogeneous matrix during cooling. Accordingly, the same samples exhibit a much lower glass transition temperature at the second heating, compared with that detected for all the other devices. The remaining samples still exhibit a quite broad range of T g (from +16 to +28°C). Since the first heating ramp has the effect to cancel the thermal history of the material, materials with the same chemical composition should behave identically at a second heating ramp, independently on their previous microphase organization. Thus, the broad range of Tg values observed in the second heating cycle, after disruption of the microphase organization, suggests slight differences in the copolymers composition. In particular, larger differences must be hypothesized to explain the significantly different thermal behavior observed for the three samples mentioned above (T' II on cooling), confirming the ATR-FTIR observations.
All samples have variable T I (from 96°C to 110°C), related to the disruption of the pseudo crystalline order of the hard domains. This signal is strongly related to the thermal history of the sample [37, 39, 59] . All the devices were subjected to a reproducible thermal treatment: standardized postmolding annealing gives the same thermal history that should result in similar morphological behavior, creating hard domains with comparable dimension. Furthermore, all spacers had been in vivo at 37°C for long times and all of them were stored in the same conditions after retrieval, allowing to hypothesize a homogeneous thermal history. Then, the slight difference in the shape and in the temperature of this signal must be related to slight differences in the hard segment length and thus to a slight different dimensions of the microdomains.
The mixing temperatures (T II ) registered in the first heating cover a range of temperature from 170°C to 182°C. In almost all cases the mixing temperature detected in the second ramp was unchanged, with the exception of the three cases already discussed.
1/15 sample (Dyn 12) exhibited a complex mixing signal, whose origin is still under debate.
The hardness measurements, performed with the Shore D durometer, support our hypotheses about different composition among the devices. 12/15 spacers exhibit consistent hardness values (56 ± 2 shore D).
As expected, Dyn 5, Dyn 9 and Dyn 15 show a significantly lower hardness (45 ± 2 shore D). As it was confirmed by the ATR-FTIR and DSC measurements, these differences must be related to a different composition of the virgin material and not to degradation occurred in vivo.
Conclusions
The long term stability and the integrity of medical device polymers are very important factors in the evaluation of the performance of biomaterials. Although a number of reports on the clinical performance of the Dynesys system exists in the literature, this study represents one of the few attempts at a deeper investigation of the chemical modifications occurred during implantation.
The PET cord components were found to be minimally damaged in vivo. Residues of body fluids were found trapped in the braided fibers, but no chemical degradation was observed, confirming the known good biostability of PET, at least in the time frame studied.
The yellow color of the PCU components, compared to the colorless resin pellets, is the first sign of degradation and it likely occurred during the manufacturing process, since also the reference, never implanted sample was yellowed.
The bulk analyses performed in this study suggest a certain heterogeneity in the composition of the PCU devices. This behavior may reflect variation in manufacturing of the components. The irreversible deformation of the spacer (creep) suggests that the shape recovery is not ensured for the duration of implantation.
Various surface alterations were observed: besides those attributable to iatrogenic damage occurring during revision surgery (cuts, scratches, etc.), abrasion, microscopic surface cracks, fissures and attached micro-aggregates were the most prominent. Most of the degradation effects, aligned fissures and abraded regions, were correlated to the loading and articulation with adjacent bone. Chemical analyses showed that attached micro-aggregates were mainly organic deposition. Species containing calcium and the presence of organic species adsorbed on the surface were also observed. We postulate that the absorption of foreign species may speed up the physical degradation of the surface. In particular the adsorption of chemical agents and the presence of the attached micro-aggregates, may favor environmental stress cracking (ESC) and also amplify the effect of loading, facilitating the formation of fissures.
Some PCU spacers exhibited chemical modifications of the surface that are attributed to oxidative degradation. Although the complete degradation mechanism has not been fully elucidated yet, we have evidence that both hard and soft segments are involved. Further studies are necessary to understand the details of the degradation mechanism and, in particular, how and to what extent they can influence the in vivo performance.
Most of the observed surface changes are restricted to less than the first 10 µm, so the bulk mechanical properties of the entire device are likely not to be affected. Nevertheless, the eventual release of degradation products in the implant site, along with that of wear debris and the consequent reaction induced in the body are certainly worth more investigations. 
